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The low-frequency noise in AlGaN/GaN transmission line model structures has been investigated
for a wide range of ambient temperatures and dissipated powers. A deviation of low-frequency noise
from a 1/ f dependence has been observed upon increasing the applied voltage. The effect correlates
with the nonlinearity of current-voltage characteristics (CVC). The concept of nonequilibrium 1/ f
noise has been introduced to explain 1/ f noise enhancement. A qualitative model connecting
non-equilibrium noise with nonlinearity of the CVC via a common origin—nonuniform overheating
of the structures—has been suggested. Furthermore, deviations of equilibrium noise from the 1/ f
law at low temperatures have been observed and studied. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1805719]
I. INTRODUCTION
The recognition of AlGaN/GaN structures with conduct-
ing two-dimensional (2D) electron gas has considerably in-
creased during recent years due to a number of unique prop-
erties such as wide bandgap, polarization induced doping,
and high breakdown fields of the Schottky barriers to the
AlGaN. These properties allow the power handling capabil-
ity of nitride-based devices, e.g., high electron mobility tran-
sistors (HEMTs), to be increased in comparison with conven-
tional GaAs-based devices.1 At the same time, the low-
frequency noise level in GaN-based transistors does not
exceed that in GaAs-based HEMTs.2
High operation power of these devices leads to a signifi-
cant self-heating effect and, consequently, a change in their
working parameters. In HEMTs the self-heating effects re-
duce the 2D electron mobility and cause sublinearity in the
current-voltage characteristics (CVC) of the device.3 More-
over, the nonuniformity of the electric field applied to the
channel due to lateral redistribution of charge on the surface
or in the barrier also results in an increased channel
resistance.4
To investigate the above mentioned effects, transmission
line model (TLM) structures are most suitable. They repre-
sent a HEMT structure with conducting channels of different
length without nonuniformities in the electrical field intro-
duced by the gate electrode. In previous investigations, non-
linearity effects of current-voltage characteristics in TLM-
structures have been studied.5–7 In the low-voltage region the
CVC follows Ohm’s law. By increasing the voltage applied
the dependence becomes sublinear, followed by a saturation
region, and sometimes even a decrease in current can be
observed. The latter is not typical and gives evidence of non-
equilibrium processes in the 2D electron gas in TLM struc-
tures as well as in similar HEMT structures. It should be
noted that among a huge number of publications on the in-
vestigation of low-frequency noise in nitride structures, there
are none with an analysis of nonequilibrium noise effects.
Noise properties of these structures have been investigated
with the assumption (explicit or implicit) of equilibrium
noise.
In general, the equilibrium noise corresponds to fluctua-
tions of the resistance, which exist in a sample even without
current flow through the structure.8,9 The small currents just
help to reveal these fluctuations10,11 and for a homogeneous
sample the following relations should be used at a certain
frequency:
SI
I2
,
SR
R2
= const, s1d
where SI and SR are the spectral density of current and resis-
tance fluctuations, respectively, I is the current, and R is the
resistance of the sample.
With increasing applied voltage the intrinsic state of the
system changes due to current flow and nonequilibrium noise
dominates in the system.12,13 Nonequilibrium noise can be
distinguished not only by deviations from linearity in depen-
dence SI, I2,14 but also by changes in the shape of the spec-
tra. This occurs in the case when the system is no longer in a
state of thermal equilibrium and, as a result, the noise re-
sponse deviates from 1/ f dependence. We observed noise of
this type in TLM structures under certain conditions.15 Prob-
ably, fingerprints of nonequilibrium noise have also been re-
vealed in HEMT structures. Nonequilibrium noise described
in Ref. 15 appears as an increase of the SI / I2 value against
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the original 1 / f noise in the low-frequency range of the spec-
trum. In the frequency region where the transition from equi-
librium to nonequilibrium noise occurs the relative noise
spectral density SI / I2 is proportional to 1/ f2. Further, the
value of SI / I2 for nonequilibrium noise rises by increasing
the applied voltage and saturates at certain values of the volt-
age. The frequency of transition from linear to quadratic
slope in the SI / I2=Fsfd dependence also increases with ap-
plied voltage. In this work we present an analysis of the
behavior and origin of equilibrium and nonequilibrium 1/ f
noise in GaN-based 2D electron gas.
II. EXPERIMENT
In our experiment we used gateless TLM devices. A de-
tailed description of samples can be found elsewhere.3 We
used samples with channel length of 10, 15, 20, 25, 30, and
35 mm. The applied voltage was varied in the range from
0.01 to 10 V, the maximal value of measured current did not
exceed 112 mA. The noise spectra were measured in the fre-
quency range from 1 Hz to 100 kHz. The measurements at
room temperature were carried out without additional heat
sink, while the low temperature measurements were per-
formed with an active heat sink with stabilized temperature
within a range of temperatures from 70 to 300 K.
III. RESULTS AND DISCUSSION
A. Equilibrium noise case
First the equilibrium noise results will be discussed. In
our case the noise level SI / I2 obeys Eq. (1) up to several
hundred millivolts. In this voltage range we consider the
dominant contribution of the equilibrium part in the total
noise. According to Fig. 1, there is a typical 1 / f noise de-
pendence at room temperature. In some cases generation-
recombination excess noise was observed, but the power of
the 1/ f noise dependence in these cases was also equal to
unity. The question concerning the origin of 1 / f noise in
HEMTs is widely discussed in the literature.16 The main dis-
cussion topic is the model appropriate for describing the ori-
gin of the observed noise. At the moment, two theoretical
approaches to describe the 1/ f noise are discussed: the
McWhorter and Hooge models. The main physical difference
between these two cases is the origin of noise sources.
McWhorter’s model of the noise deals with surface or inter-
face noise sources (fluctuations of concentration, Dn),17
while Hooge’s model takes into consideration the distribu-
tion of noise sources in the volume (mobility fluctuations,
Dm).18 The question whether Dn or Dm is responsible for
current fluctuations even in the case of equilibrium noise still
remains open.
The difference, however, is very difficult to distinguish
experimentally and can be determined only for some special
cases. For our TLM structures case, as objects of investiga-
tion both the McWhorter and Hooge models lead to a
fSI / I2,1/L dependence of normalized noise on the sample
length. Such dependence is confirmed by our measurements
(see inset of Fig. 1) and is in good agreement with both
theories. In the Hooge model, in which the noise is deter-
mined by fluctuation of the channel resistance caused by
fluctuations of the carrier mobility, the Hooge parameter aH
can be estimated. For the spectra presented in Fig. 1 its value
was found to be aH=4310−4. This result agrees fairly well
with previously reported data of other authors.19
On the other hand, deviations from 1/ f dependence of
equilibrium noise were observed in the spectra of TLM
structures at lower temperatures [Figs. 2(a) and 2(b)]. It
should be noted that the transformation of the spectra is of a
complex nature. Upon the lowering temperature from 300 to
200 K the level of normalized noise at high frequencies in-
creases considerably, while the low-frequency part of the
spectra remains practically unchanged. The transient fre-
quency (with g<0.8 in 1/ f dependence) corresponds to the
frequency between unchanged and changed parts of the spec-
tra. The frequency shifts towards low frequency and exhibits
an exponential dependence on temperature with an activation
energy of 0.4 eV (Fig. 3). In McWhorter’s model the origin
of 1 / f noise is considered to be caused by uniformly distrib-
uted traps in space and energy.20 Therefore, any deviation
from 1/ f dependence can be explained as a result of nonuni-
form distribution of noise sources. However, the exponential
temperature dependence of the frequency shift is not inherent
in the McWhorter 1 / f noise. Thus, McWhorter’s model
alone cannot explain the features observed in the spectra
with decreasing temperature and should be supplemented to
describe the observed features.
It is known, however, that free-energy change in the bar-
rier system caused by lateral transfer from 2D electron gas to
a trap location must be taken into account in the capture and
emission processes.21 The free-energy change may be of the
order of several hundred millivolts.22 and this effect usually
referred in literature as Coulomb blockade.23 In this case
FIG. 1. Frequency spectra of the equilibrium noise for samples with channel
length from 10 to 25 mm measured at an applied voltage of 100 mVsT
=300 Kd. Upper inset: spectral noise density dependence on channel length
measured at f =100 Hz. Dashed line shows inverse proportional dependence
of L.
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additional barrier for electron tunneling from 2D channel to
traps in the barrier appears that strongly affects the capturing
time. According to Coulomb blockade theory electron cap-
turing time can be written as formula
tc =
1
Cnns
expSDEkT D , s2d
where DE is Coulomb energy, Cn is electron capture con-
stant, and ns is electron density. Thereby even with presence
of tunneling the electron capturing is thermoactivated pro-
cess. In our case the value of Coulomb energy is 0.4 eV.
B. Nonequilibrium noise and its correlation with
equilibrium noise
The current-voltage characteristics of the samples be-
come strongly nonlinear (Fig. 4) in TLM structures when the
applied voltage exceeds 1 V. At these voltages (Fig. 5) a
strong deviation from 1/ f dependence was observed in noise
spectra. This means that noise and transport effects are cor-
related and we will analyze them from the point of view of
nonequilibrium conditions.
The resistance of a sample increases with applied volt-
age, thus we can write it at each voltage in the following
form:14
R = R0 + DR , s3d
where R0 describes the ohmic part of CVC and DR is the
deviation from linear dependence on applied voltage compo-
nents of the total resistance. Since the I-V characteristics of
TLM structures are strongly nonlinear (a resistance increases
FIG. 2. Normalized spectra of the equilibrium noise measured for sample
with channel length of 10 mm at V=500 mV. Temperature of copper sample
holder was changed in steps of 20 K: (a) from T0=300 K (curve 1) to T0
=180 K (curve 7), (b) from 160 K (curve 1) to 80 K (curve 5).
FIG. 3. Inverse temperature dependence of normalized transient time corre-
sponding to the noise spectral density of Fig. 2(a) at the level of 9310−12
(Arrhenius plot). Dashed line corresponds to linear fit with the activation
energy level of 0.4 eV.
FIG. 4. Current-voltage characteristic for the device with channel length of
25 mm and width of 100 mm measured at T=300 K.
FIG. 5. Spectra of the normalized current noise for different values of the
electric field E measured at T=300 K for the device with channel length of
25 mm and width of 100 mm.
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two and more times with applied voltage) and samples have
different lengths it is convenient to investigate noise and
transport characteristics as a function of dissipated power
PsP= IVd. To compare changes in the resistance of samples
of different lengths we will analyze a relative increase of the
resistance DR /R0 (where R0 is the resistance measured at an
applied voltage that corresponds to the linear regime in the
CVC). The dependence of relative resistance DR /R0 on dis-
sipated power for samples of different length is shown in
Fig. 6. The measurements were carried out in two regimes:
with and without active heat sink, which maintains the tem-
perature of the sample at 290 K. In both regimes, under high
dissipated power that corresponds to the presence of non-
equilibrium noise sP.10−3 Wd, the dependence is almost
linear. Taking into account this result and the fact that the
curves for samples of different lengths coincide we conclude
that the main reason for the resistance change is purely ther-
mal. Relative changes in magnitude of DR /R0 under differ-
ent cooling regimes can be explained by different degrees of
the overheating effect.
At low temperatures the linear behavior of the depen-
dence is conserved. The scaling coefficient of the depen-
dence is determined by the conditions of thermal conductiv-
ity and heat dissipation elements of the system. The variable
part of the resistance [DR in (2)] contributes to the total
resistance and, consequently, to its fluctuations only when
high voltages are applied. Therefore, fluctuations of DR are
nonequilibrium fluctuations when the sample bias corre-
sponds to the nonlinear part in the IsVd curve. The depen-
dence of these fluctuations on dissipated power is shown in
Fig. 7. The slope of the dependence fSI / I2s0d=FsPd as well
as the slope of the dependence DR /R0= fsPd are equal to
unity. Moreover, the amplitudes of nonequilibrium noise
measured as a function of dissipated power for different
sample temperatures coincide. Thus, the amplitude of non-
equilibrium fluctuations of sample resistance depends only
on value of dissipated power and does not depend on the
absolute temperature of the sample. Therefore, nonequilib-
rium fluctuations can be caused either by an applied voltage
(as part of dissipated power) or by overheating of the sample
due to self-heating effects. It should be pointed out that the
amplitude of nonequilibrium fluctuations is saturated with
increasing applied voltage and the shorter the sample the
lower the saturation value.
Additional information about the origin of the nonequi-
librium processes in the structures can be obtained from the
analysis of the frequency at which the transition from 1/ f
noise to 1/ f2 noise is observed, i.e., transient frequency of
nonequilibrium noise versus dissipated power. The depen-
dence shown in Fig. 6 have well developed exponential be-
havior. It is seen in Fig. 8 that the transient frequency
strongly depends on the sample temperature. Thus thermal
activation is the most appropriate mechanism of relaxation of
the fluctuations.
As we observed elsewhere,15 a low-frequency 1/ f noise
and high-frequency 1/ f noise are correlated. The noise level
SI / I2 of the high- frequency noise does not change with ap-
plied voltage. Therefore, we could suggest that low-
frequency (the nonequilibrium 1/ f) noise represents by itself
an enhanced high-frequency (equilibrium 1/ f) noise. More-
over, the amplification occurs via a mechanism possessing
frequency dispersion with particular time that corresponds to
observed transient frequency.
C. Proposed model of nonequilibrium noise
The results obtained allow us to propose the following
model of nonequilibrium oscillations in gateless TLM de-
vices. Under equilibrium conditions in the conducting chan-
nel, equilibrium fluctuations of conductivity result in the usu-
ally observed equilibrium 1/ f noise. By increasing the
FIG. 6. The relative change of resistance of TLM structures of the sample of
different lengths measured as a function of dissipated power: under condi-
tions of active cooling (temperature kept constant at 290 K)—empty sym-
bols and without active cooling at room temperature—filled symbols.
Lengths of the samples are shown in inset.
FIG. 7. Normalized spectral density of nonequilibrium part of 1 / f noise vs
dissipated power plotted for minimum analyzed frequency of 1 Hz. Sample
length is equal to 25 mm. The sample temperatures are shown in the inset.
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voltage (at a sufficiently high applied voltage bias) at any
moment in time a momentary nonuniform distribution of re-
sistance in the sample along the current line is formed. The
latter causes the formation of high-field and low-field regions
in the channel, respectively. In high-field regions self-heating
effects are stronger and lead to a further increase of local
resistance and, consequently, to amplification of fluctuations.
This process cannot be infinite and amplification of fluctua-
tions is limited due to an increase of heat removal with tem-
perature difference between the channel and substrate. In-
deed, such a saturation was registered experimentally.
Obviously, amplification of fluctuations should occur at
a rate determined by the time constant of a self-heating ef-
fect. At the same time, the characteristic times obtained from
the noise measurements are significantly longer than heat
relaxation times estimated from our experiments.3 Therefore,
another factor determining the transient frequency should be
considered. A more probable mechanism is coupling between
surface and channel systems, which leads to redistribution of
electron density along the channel under applied voltage.4
In our AlGaN/GaN heterostructures 2D-electron gas
(2DEG) is formed without any doping, only due to piezo-
electric and spontaneous polarization effects.24 The polariza-
tion (positive) charges prevent instantaneous redistribution of
potential along the channel and fast formation of the local
self-heating in the channel. Therefore, the 1/ f noise amplifi-
cation is expected to appear only in the frequency range be-
low the transient frequency determined by the relaxation
time of positive charge fluctuations. The time that is neces-
sary to restore electrostatic equilibrium has activation behav-
ior (Fig. 6). This time is longer than free carriers drift time
and should be related to the electron emission from the traps
in the barrier. At frequencies higher than the transient fre-
quency electrostatic equilibrium cannot be restored and elec-
trons captured by traps in the barrier move by hops. As a
result an additional channel responsible for nonequilibrium
noise appears. It represents by itself a hopping conductivity
with thermal activation of carriers to the conducting channel.
IV. CONCLUSIONS
In summary, we investigated the fluctuation phenomena
in 2DEG in gateless AlGaN/GaN TLM heterostructures at
different electric fields and temperatures. The results of mea-
surements at low voltages reveal the usual 1 / f noise. The
Hooge coefficient was determined as aH=4310−4, which
agrees fairly well with previously reported data. At voltages
higher than 1 V deviations from 1/ f noise were observed.
The pronounced transformation of the spectra is a clear sign
of nonequilibrium noise behavior. The amplitude of nonequi-
librium fluctuations of the sample resistance only depends on
the value of dissipated power and does not show any depen-
dence on the absolute temperature of a sample. The features
were analyzed together with nonlinearity effects on the dc
current-voltage characteristic and can be ascribed to non-
equilibrium effects induced by lateral electrical field redistri-
bution.
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